Introduction
To reduce neuronal damage caused by cerebral ischemia, brain hypothermia treatment is now performed at numerous institutions throughout the world (Konstas et al., 2006; Zhao et al., 2007) . In addition, evidence that brain hypothermia provides neuroprotection is steadily accumulating, and it has been shown that initiating brain hypothermia treatment immediately after insult is critical (van Zanten and Polderman, 2005) . For these reasons, the pathophysiological events during the early stages of cerebral ischemia-reperfusion are clinically important.
The initial phenomena related to ischemia-reperfusion that occur under hypothermic ischemia differ from those that arise under normothermic ischemia. For example, extracellular glutamate concentrations increased by cerebral ischemia are maintained at lower levels under hypothermic ischemia than under normothermic ischemia (Busto et al., 1989; Zhao et al., 1997) . The period of reactive hyperemia in the cerebral blood flow during the initial reperfusion stage is shortened by hypothermic ischemia but not by normothermic ischemia (Kunimatsu et al., 2009) . Furthermore, the level of cycloxygenase-2 (Cox-2), which is closely related to ischemic tolerance (Horiguchi et al., 2005; Choi et al., 2006) , is massively increased in the dentate gyrus under hypothermic i s c h e m i a b u t n o t u n d e r n o r m o t h e r m i c i s c h e m i a (Yamashita et al., 2007) .
On the other hand, it is well known that microglia are activated immediately following ischemia-reperfusion (Gehrmann et al., 1995; Kreutzberg, 1996) . During the ischemia-reperfusion stage, microglia produce Summary. Using immunohistochemical methods, we investigated microglial profiles under normothermic ischemia and hypothermic ischemia using an anti-ionized calcium-binding adapter molecule 1 (Iba-1) antibody. In the early stages of ischemia-reperfusion, Iba-1-immunoreactive microglial cells under normothermic ischemia were characterized by swollen somata with short and thick processes, while fine long-branched processes in greater numbers were seen emanating from microglial somata under hypothermic ischemia. In animals subjected to hypothermic ischemia, immunoreactive microglial areas in the hippocampal CA1 sector were significantly increased after 5 and 8 h of reperfusion when compared with those under normothermic ischemia. In the dentate gyrus, an increase in the microglial area under hypothermic ischemia was already evident at 2 h after reperfusion; this increased level was maintained up to 8 h. Considering the various neuroprotective roles of hypothermic ischemia, the characteristic features of microglia under hypothermic ischem ia may be associated with the formation of a neuroprotective environment.
20% of that under normal conditions as described previously (Yamashita et al., 2007; Kunimatsu et al., 2009) . After ischemia was terminated, temporal muscle temperature immediately recovered to 36.5 -37.5 and was maintained at that level throughout the remainder of the experiments (Zhao et al., 1998; Yamashita et al 2007; Kunimatsu et al., 2009) . Target temperatures were obtained using an overhead light and/or a small fan. The animals were sacrificed 2, 4 and 8 h following the ischemia (n=7 in each group). Unoperated animals were assigned to the control group.
Immunohistochemistry was performed according to the method used in our earlier study (Yamamoto et al., 2002) . Briefly, deeply anesthetized rats were perfused transcardially with 4% paraformaldehyde and 0.2% picric acid in a 0.1 M sodium phosphate buffer (PB; pH 6.9). The brains were dissected out and immersed in 20% sucrose, and then transverse sections (20 m thick) were cut using a sliding microtome equipped with a freezing stage. The sections were washed overnight in 0.1 M PB (pH 7.4) containing 0.9% saline (PBS), and incubated with rabbit anti-Iba-1 serum (Wako Pure Chemical Industries, Osaka) diluted to 1.25 g/ml in PBS containing 1% bovine serum albumin (BSA) and 0.3% Triton X-100 (PBS-BSAT) for 2 days at 4 . After washing in PBS, the sections were incubated with a secondary antibody (biotinylated goat antirabbit IgG; Vector Laboratories, Burlingame, CA, USA) diluted to 1:100 in PBS-BSAT for 1 h at room temperature. The sections were then washed again in PBS and incubated with an avidin-biotin-horseradish peroxidase complex (ABC; Vector Laboratories) diluted to 1:200 in PBS-BSAT for 30 min at room temperature. After a final wash in PBS, the sections were reacted with 0.02% 3,3'-diaminobenzidine tetrahydrochloride (DAB) and 0.005% hydrogen peroxide in a 0.05 M Tris-HCl buffer solution (pH 7.4). Thereafter, sections were counterstained with thionin and cover-slipped with Malinol (Muto Pure Chemicals, Tokyo) with some sections cover-slipped without counterstaining. Controls for anti-Iba-1 serum were prepared by omitting the primary antibody or using an antiserum following preabsorption with recombinant Iba-1 (2 g/ml; Abnova Corporation, Taipei, Taiwan). The areas of Iba-1 immunoreactive microglia in the hippocampal CA1 sector and dentate gyrus were measured using an image analyzing system (Biozero BZ8000 series, Keyence Co., Osaka). Measurements were performed on six sections per animal in a fixed area (25,000 m 2 for CA1 and 40,000 m 2 for dentate gyrus). Statistical analysis was performed using ANOVA with Fischer's least significant difference test. The results were considered significant at P<0.01. reactive oxygen species, inflammatory cytokines, and tumor necrosis factors, which finally lead to neuronal death (Nakajima and Kohsaka, 2005) . However, it was recently reported that microglia also secrete brain-derived neurotrophic factors in the ischemia-reperfusion stage that play a neuroprotective role (Hanisch, 2002; Nedergaard and Dirnagl, 2005; Lambertsen et al., 2009 ).
An ionized calcium-binding adapter molecule 1 (Iba-1) has been isolated and shown to be a novel EF hand protein (Imai et al., 1996) that is specifically expressed in monocytic cell lines and cultured microglia. Immunohistochemical analysis has also revealed that the anti-Iba-1 antibody specifically recognizes ramified microglia in normal rat brains (Ito et al., 1998) . A more recent study found that Iba-1 is involved in calcium signaling pathways and may be required for cell mobility and phagocytosis (Streit et al., 2005) . Following reperfusion under normothermic ischemia, Iba-1 concentrations in the gerbil hippocampus show a biphasic increase, with peak levels reported to occur at 30 min and 7 days (Hwang et al., 2006) . However, microglial behavior under hypothermic ischemia and reperfusion --which may contribute to neuroprotection --has not yet been investigated. The aim of the present study was to determine the early temporal changes in Iba-1 immunoreactive profiles following transient global cerebral ischemia and reperfusion under normothermic and hypothermic conditions. Our results show that microglia under hypothermic ischemia behave differently from those under normothermic ischemia during the initial ischemia-reperfusion stage.
Materials and Methods
Experiments were performed under the authority of the Ethical Committee of Kanagawa Dental College, employing guidelines established by the committee. Male Sprague Dawley (SD) rats weighing 275 -350 g were used. To avoid direct surgical damage to the brain, a sensor probe inserted into the temporal muscle on the left side served as a monitor of brain temperature (Yamashita et al., 2007; Kunimatsu et al., 2009) . Rectal temperature was maintained at 36.5 -37.5 with a heating pad. Temporal muscle temperatures were maintained at 37 for normothermic ischemia and 32 for hypothermic ischemia. After maintaining these temperatures for 30 min, transient global cerebral ischemia was induced by occluding the bilateral carotid arteries for 10 min to produce hemorrhagic hypotension (mean arterial blood pressure <50 mmHg during ischemia). This situation resulted in a cerebral blood flow of less than 4 and 8 h after ischemia-reperfusion. In the dentate gyrus, marked differences in microglial areas between normothermic ischemia and hypothermic ischemia appeared as early as 2 h following ischemia-reperfusion; these differences continued up to 8 h (Fig. 4) .
Discussion
In the present experiments, antibody specificity was supported by the disappearance of staining profiles following Iba-1 antibody pre-absorption with recombinant Iba-1 while there was no staining in sections when the procedures were performed from the step of the secondary antibody. These results suggest that the present staining profiles represent Iba-1 immunoreactivity.
Microglia are believed to act primarily as scavengers in the defense system against pathological insults to the brain (Kreutzberg, 1996) , and those in the central nervous system (CNS) are classified into at least three clearly identifiable states (Sugama et al., 2007; Vannucchi et al., 2007) . Resting microglia are characterized by small somata with long and fine processes. Under various pathological conditions, these resting microglia alter their morphological profile into one representative of a typical activation state, with enlarged cell somata and multiple short and thick processes. Finally, microglia acquire macrophage-like features as phagocytic microglia, which have round bodies with one or two processes (Sugama et al., 2007; Vannucchi et al., 2007) . In rats subjected to normothermic ischemia, the morphological transformation
Results
The profiles of Iba-1 immunoreactive microglial cells in the CA1 sector (Fig. 1A, B ) and dentate gyrus ( Fig. 2A,  B) from control animals were similar to those of resting microglial cells, as they were characterized by small somata with fine processes. The morphological profiles of Iba-1 immunoreactive cells under normothermic ischemia were characterized by swollen somata, with short and thick processes in the CA1 sector; these characteristics were marked at 2, 4, and 8 h after ischemia-reperfusion (Fig. 1C, D) . In contrast, Iba-1 immunoreactive cells under hypothermic ischemia were characterized by the presence of a greater number of branched processes, which were slightly thicker and longer than those of control animals (Fig. 1E, F ). Similar differences in Iba-1 immunoreactive cells under normothermic ischemia and hypothermic ischemia were also seen in samples from the dentate gyrus (Fig. 2) . Omitting the primary antiserum and pre-absorption with recombinant Iba-1 resulted in elimination of these staining profiles (not shown). In the CA1 sector, there was no difference between the areas of Iba-1 immunoreactive cells under normothermic ischemia and hypothermic ischemia at 2 h after ischemiareperfusion. However, at 4 and 8 h after ischemiareperfusion, the microglial areas showed a tendency to decrease under normothermic ischemia whereas these areas were increased under hypothermic ischemia (Fig.  3) . Microglial areas under normothermic ischemia and hypothermic ischemia were statistically significant at of microglia suggests that microglial cells are guided toward a more active stage of microglia. However, microglia seem to react differently under hypothermic ischemia where they bear longer and more ramified processes as compared with those of resting microglia. Such differential microglial behavior under normothermic ischemia and hypothermic ischemia suggests that microglia respond differently to brain temperature under ischemia-reperfusion. A recent study reported that resting microglial processes make brief (~5 min) but direct contacts with neuronal synapses at a frequency of about once every hour. However, the duration of these microglia-synapse contacts are markedly prolonged (~1 h) by transient cerebral ischemia, which is frequently followed by the disappearance of the presynaptic bouton (Wake et al., 2009) . These findings suggest that microglia monitor the condition of neurons following pathological insults.
It was recently reported that the mechanisms regulating microglial reactions induced by pathological events in the CNS occur immediately following an insult (Preston and Webster, 2004; Wake et al., 2009) . Microglia produce and secrete a variety of deleterious factors in vivo in response to cerebral ischemia, such as reactive oxygen species (Chao et al., 1992) , tumor necrosis factor (TNF) (Wang et al., 2004) , and -amyloid (Nakajima et al., 2005) . Those factors have been implicated in the enhancement of tissue damage (Barone et al., 1997; Wang et al., 2004) . In contrast, a recent study revealed that TNF derived from microglia in response to cerebral ischemia plays a key role in determining the survival of endangered neurons (Lambertsen et al., 2009) . Furthermore, microglial cells secrete brain-derived neurotrophic factor (BDNF) immediately after the start of reperfusion (Lee et al., 2002) . Therefore, the reactivity of microglia may be bidirectional, i.e., neuroprotective and neurodegenerative.
There is now strong evidence suggesting that moderate hypothermia is an effective treatment to suppress the exacerbation of neuronal cell injury caused by ischemiareperfusion (van Zanten and Polderman, 2005; Konstas et al., 2006) . Hypothermia prevents ATP consumption and maintains a lower cerebral metabolic rate (Erecinska et al., 2003) . Although phosphocreatine, glucose, and pyruvate are all decreased to a similar degree in animals subjected to normothermia and hypothermia at the end of global cerebral ischemia (Busto et al., 1989) , recovery of ATP is accelerated after severe ischemia only under hypothermia (Sutton et al., 1991; Kimura et al., 2002) . In addition, Cox-2, which produces prostaglandins associated with the development of ischemic tolerance , is dramatically increased in the dentate gyrus during the initial stages of hypothermic ischemia (Yamashita et al., 2007) . Although the underlying mechanisms involved in the different behavior of microglia under hypothermic ischemia are unknown, characteristic features of these microglial cells may be associated with the formation of a neuroprotective environment under hypothermic ischemia.
Another interesting finding of this study is that the microglial reaction under hypothermic ischemia occurred earlier in the dentate gyrus than in the CA1 sector. The dentate gyrus has been shown to resist ischemic insult in experimental animal models while CA1 pyramidal cells have been found to be more vulnerable (Cervós-Navarro and Diemer, 1991; Blanquet et al., 2006) . Furthermore, the dentate gyrus is one of the restricted areas where neurogenesis continues throughout adulthood (Ming and Song, 2005; Lledo et al., 2006) . These facts suggest that the nature of neurons and their environments in the dentate gyrus differ from those in the CA1 sector. Microglia is monitoring neurons and their surroundings. Therefore, the earlier microglial reactions induced by hypothermic ischemia in the dentate gyrus may be associated with such different situations for the neurons.
